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-I__ SUMMARY 
FABRICATION AND MEASUREMENT OF Cu2S -CdS HETEROJiTNCTION DIODES 
Current  -vo 1 t a ge and cap a c i t ance -vo 1 t age me as uremen t s have been made 
on mesa diodes o f  Cu2S-CdS. 
I - V  CHARACTERISTICS 
A v a r i e t y  of I - V  c h a r a c t e r i s t i c s  are observed f o r  t h e  Cu,S-CdS d iodes  
a t  room temperature.  Values of t he  pararucter m u l t i p l y i n g  kT i n  t h e  
exponen t i a l  forward c u r r e n t  express ion  l i e  between 1.1 and 1.3. An 
appa ren t  b a r r i e r  h e i g h t  of 0.6 eV was i n d i c a t e d  from t h e  I - V  curves.  
JUNCTION CAPACITANCE MEASUREMEWTS 
T h e o r e t i c a l  express  ions  f o r  highly asymmetrical  he t e ro junc t ions  are 
a p p l i e d  t o  exper imenta l  d a t a  t o  g i v e  a l i n e a r  p l o t  of C -1.25 vs  v, 
w i t h  a n  i n d i c a t e d  b a r r i e r  he ight  o f  0.6 eV. 
sureinents would b e  c o n s i s t e n t  w i th  a r e t rog rade  donor d e n s i t y  p r o f i l e ,  
implying a copper concent ra t ion  i n  t h e  CdS d e p l e t i o n  reg ion  which i n -  
creases w i t h  d i s t a n c e  i n t o  the CdS be fo re  f i n a l l y  decreas ing .  
EPITAXIAL GROWTH OF Cu2S on CdS 
A CdS c r y s t a l  whose Cd (0001) f a c e  was exposed t o  a Cu' s o l u t i o n  a t  
90 C f o r  24 hours showed a reacted layer about 115 microns t h i c k .  
D i s t i n c t  6-fold symmetry was seen i n  x-ray b a c k - r e f l e c t i o n  Laue photo- 
graphs. The p r o p e r t i e s  of the c e l l  formed i n  t h i s  way were measured. 
OPT I C  AL MICROPROBE E XPE RIME NT S 
A. 
carr ier  l i f e t i m e s  i s  u s e f u l  i n  t he  p r e s e n t  problem. 
These capac i tance  mca- 
0 
The technique .of  u s ing  a t r a v e l l i n g  l i g h t  s p o t  t o  determine minor i ty  
Summary (Cont 'd .) 
B. Values are a v a i l a b l e  from t h e  l i t e r a t u r e  f o r  t y p i c a l  minor i ty  c a r -  
rier l i f e t i m e s  and mob i l i t i e s  i n  CdS c r y s t a l s .  
C. A microprobe has been cons t ruc ted  which forms an image on t h e  c rys -  
t a l  which is  20 microns long by 0.8 microns wide. 
D. The angle-lapped junc t ion  method is  used f o r  measuring d i f f u s i o n  
lengths .  Appl ica t ion  t o  Cu,S -CdS junc t ions  i n d i c a t e s  an e l e c t r o n  
d i f f u s i o n  l eng th  i n  t h e  Cu,,S of less than  0.1 micron, a h o l e  d i f f u -  
s i o n  length  i n  t h e  CdS of  1.0 micron, 
3.3 microns,  and a hole  l i f e t i m e  of 2.7 x seconds i n  CdS. 
a d e p l e t i o n  l a y e r  width of  
E. Minor i ty  c a r r i e r  c u r r e n t  ampl i f i ca t ion  is  observed under s m a l l  re- 
verse  b i a s  vo l t ages .  The magnitude of t he  e f f e c t  i nc reases  w i t h  
d i s t a n c e  from t h e  i n t e r f a c e  wh i l e  t h e  l i g h t  s p o t  is i n  t h e  d e p l e t i o n  
reg ion ,  and then  decreases  as t h e  l i g h t  i s  moved i n t o  the  d i f f u s i o n  
region.  The measured gain was about  3 4 .  Of t h e  two l i k e l y  nechan- 
i s m s ,  impact i o n i z a t i o n  of i m p u r i t i e s  o r  modulation o f  r eve r se  leak-  
age  c u r r e n t ,  t h e  l a t t e r  seems most reasonable .  The response t i m e  
f o r  t h e  ampl i f ied  photos igna l  TJas 200 microseconds. 
i l  f 
1. FABRICATION ARD MEASUREMENT OF C y  S -CdS HISTEROJUNCTION DIODES 
I n  o r d e r  t o  a r r i v e  a t  a more complete unders tanding  of t h e  o r i g i n  
of  t he  s p e c t r a l  response of photovoltage i n  C y S  -CdS h e t e r o  j u n c t i o n s ,  it 
is necessary  t o  o b t a i n  d e t a i l e d  information about  t h e  j u n c t i o n  parameters  
such  as d e p l e t i o n  l a y e r  wid th ,  d i f f u s i o n  l eng ths ,  l i f e t i m e s  of minor i ty  car- 
riers, e tc .  A cons iderable  amount of such informat ion  can be obta ined  by 
t h e  a n a l y s i s  of cur ren t -vol tage  (I-V) c h a r a c t e r i s t i c s  and capac i tance-  
v o l t a g e  (C-V) curves.  I n  o rde r  t o  minimize s u r f a c e  e f f e c t s  which cause a 
"sof t"  r e v e r s e  c h a r a c t e r i s t i c ,  "mesa" s t r u c t u r e s  are  u s u a l l y  used. 
Fig., 1 i n d i c a t e s  t h e  conf igura t ion  of a t y p i c a l  mesa. A CdS c r y s t a l  
w i t h  a n  a p p r o p r i a t e l y  prepared su r face  i s  r e a c t e d  i n  a Cu' s o l u t i o n  a t  90°C 
f o r  a p resc r ibed  t i m e .  The c r y s t a l  s i d e s  a r e  masked w i t h  b lack  wax (Apiezon) 
s o  t h a t  only t h e  s u r f a c e  of  i n t e r e s t  i s  exposed t o  t h e  s o l u t i o n .  A f t e r  a 
Cu,S l a y e r  of thickfiess 10-50 microns has been formed, a l a y e r  of indium 
i s  evaporated on to  t h e  Cu,S surface.  Small  d o t s  of b l ack  wax so f t ened  i n  
t r i c h l o r o e t h y l e n e  are then appl ied  t o  the  indium su r face .  The do t s  t y p i c a l l y  
range  i n  s i z e  from 0.5 - 1.0 mm i n  diameter.  The c r y s t a l  i s  then  heated 
b r i e f l y  a t  about  6OoC t o  d r i v e  off t h e  . t r i c h l o r o e t h y l e n e  and bond the  b l ack  
wax s e c u r e l y  t o  t h e  su r face .  E tch ing  of t h e  mesas is c a r r i e d  out  by f i r s t  
d ipp ing  t h e  c r y s t a l  i n  concentrated HCR t o  d i s s o l v e  t h e  indium. The Cu,S 
i s  then  removed by KCN, followed by ano the r  d i p  i n  HCR t o  remove a l a y e r  
o f  CdS and s o  i s o l a t e  t h e  junc t ion  r eg ion ,  as shown i n  F ig .  1. The crys-  
t a l  specimen, con ta in ing  up t o  15 of t h e s e  mesas, i s  mounted i n  a holder  
which makes an ohmic gallium-indium con tac t  t o  t h e  CdS base  and a tungsten 
p o i n t  con tac t  t o  t h e  indium l aye r  on  a s e l e c t e d  mesa. Room temperature  
capac i t ance  and I - V  measurements a r e  made i n  t h i s  ho lde r  i n  t h e  dark  and 
w i t h  i l l umina t ion .  
I' 8 
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2. I - V  CHARACTERISTICS 
A v a r i e t y  of I - V  c h a r a c t e r i s t i c s  have been observed f o r  t h e  C%S- 
CdS dzodes. The curves are usua l ly  measured w i t h  a Tek t ron ix  type  575 
t r a n s i s t o r  curve tracer. Th i s  i s  a convenient  way t o  observe t h e  o v e r a l l  
f e a t u r e s  of  t h e  curve quick ly ,  b u t  f o r  p r e c i s e  measurements a t  very low cur -  
r e n t  d e n s i t i e s  (where tunnel ing  e f f e c t s  become dominant) a point-by-point  
measurement must be  made. The "sof tness"  of t h e  r e v e r s e  c h a r a c t e r i s t i c  of 
t h e s e  diodes appears  t o  be  related t o  t h e  conduct iv i ty  of t h e  CdS base.  
This  i s  i n  accord w i t h  t h e  express ion  f o r  t h e  r eve r se  c u r r e n t  given by 
leCan . (1). 
i n  which 
is t h e  avalanche m u l t i p l i c a t i o n  f ac to r .  For a given va lue  of  r e v e r s e  b i a s ,  
VR, M is very s e n s i t i v e  t o  changes i n  ma jo r i ty  carr ier  concen t r a t ion  i n  the  
base ,  n i n c r e a s i n g  w i t h  inc reas ing  n r is  t h e  s u r f a c e  leakage resist- 
ante, and cy' i s  t h e  "base cu r ren t  a m p l i f i c a t i o n  factor"  which is p r o p o r t i o n a l  
-1 t o  n and inc ludes  s u r f a c e  e f f e c t s .  Thus p /it is independent of n S O  N N N' 
t h a t  one term o f  (1) inc reases  with n as M. q i s  t h e  e l e c t r o n i c  charge,  N 
A is  t h e  junc t ion  area, D 
material, and W is t h e  wid th  of  the space-charge region.  
N' No L - 
i s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  ho les  i n  n-type 
P 
Fig. 2 shows the  room temperature  I - V  c h a r a c t e r i s t i c  f o r  a mesa des-  
i gna ted  3-95-A. The CdS s u b s t r a t e  has a r e s i s t i v i t y  of 0.8 ohm-cm. The 
c r y s t a l  was immersed f o r  11 hours i n  a CuCR sol -u t ion  a t  85-90 C ,  r e s u l t i n g  
i n  a l a y e r  approximately 50 microns th i ck .  The r e s i s t i v i t y  of  the  l a y e r  
0 
3. 
was measured by t h e  four -poin t  probe technique and found t o  be about 
4.5 x 10 ohm-cm. An x-ray Debye-Scherrer powder p a t t e r n  was taken  from 
a p o r t i o n  o f  t h e  l a y e r ,  us ing  a 114.6 mm camera and exposing f o r  8 hours 
-4 
w i t h  copper K r a d i a t i o n ,  The t a b l e  below shows t h e  a n a l y s i s  of t h e  p a t t e r n .  
CY 
Analys is  of X-Ray Poader P a t t e r n  o f  Cu-S Layer from Diode 3-95-A 
12 -22 7* 6-0464 cu 9-64 12 -205 
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* ASTM Card F i l e  number 
The 1-V c h a r a c t e r i s t i c  shown i n  F ig .  2 was measured w i t h  the  tungs-  
t e n  p o i n t  i n  d i r e c t  con tac t  w i t h  the  Cu,S s u r f a c e ,  It was found t h a t  t h e  
series r e s i s t a n c e  was very h igh ,  and t h a t  i t  va r i ed  from p o i n t  t o  p o i n t  on 
t h e  mesa su r face .  This  may be due t o  cracks i n  t h e  Cu,S l a y e r  p a r a l l e l  
. t o  t h e  su r face .  (The x-ray p a t t e r n  showed cons iderable  asterism i n  t h e  
fo rward - re f l ec t ion  reg ion ,  indi .cat ing t h a t  t h e  Cu,S i s  h igh ly  s t r a ined . )  
Fig.  3 g ives  p l o t s  of t h e  forward c h a r a c t e r i s t i c  o f  the  diode,  bo th  
"as-seasured" and a f t e r  cor rec t ion  f o r  series r e s i s t a n c e ,  which i n  the  case 
4 .  
shown was 780 ohms. A second corrected p l o t  i s  shown f o r  another  measure- 
ment, i n  which the  p o i n t  contac t  was loca ted  i n  another  a r e a  and a d i f f e r -  
e n t  va lue  of series r e s i s t a n c e  (300 ohms) was obtained.  
l i n e  p l o t s  can b e  represented  ( f o r  V >> kT/q) by 
These s t r a i g h t -  
I = Ioe  qV/AkT . (3) 
The va lues  of A obta ined  from these  c h a r a c t e r i s t i c s  are 1.13 and 1.29. 
These va lues ,  whi le  reasonable ,  a r e  n o t  considered of t oo  g r e a t  s i g n i f i c a n c e  
a t  t h i s  p o i n t ,  s i n c e  only one decade of  cu r ren t  is involved and measurements 
have n o t  as y e t  been made a s  a func t ion  of temperature .  
pendent of temperature ,  according to  t h e  p h y s i c a l  model 
equa t ion  (3).) A va lue  of A g rea t e r  than  one i n d i c a t e s  
i n  t h e  space-charge region is  important.  These forward 
(A should be inde-  
which r e s u l t s  i n  
t h a t  recomb i n a t  i o n  
I - V  c h a r a c t e r i s t i c s  
r e s u l t e d  i n  an apparent  “ b a r r i e r  height’’ of about  0.6 v o l t  when t h e  l i n e a r  
p o r t i o n  (on a l i n e a r  p l o t )  was e x t r a p o l a t e d  t o  I = 0 (see Fig .  2) .  This  
i s  i n  c o n t r a s t  t o  t h e  genera l ly  repor ted  va lue  of 0.8 v o l t  f o r  the  Cu,S-CdS 
junc t ion .  
3 J U N C T I O N  CAPACITANCE MIIASUREMENTS 
The measurement of junc t ion  capac i tance  as a func t ion  of  app l i ed  
DC b i a s  and i n t e n s i t y  and wavelength of i l l u m i n a t i o n  is a convenient  way 
t o  a c q u i r e  informat ion  about  t h e  width of t h e  space-charge reg ion  and t h e  
charge d e n s i t y  p r o f i l e  near  t h e  edges of  t h i s  region.  Fo r  a he te ro junc -  
(2) t i o n ,  t h e  capaci tance.  p e r  u n i t  area accord ing  t o  t h e  Schot tky theory  is  
f 
5. 
where V 
d i e l e c t r i c  cons t an t s  o f  t h e  two ma te r i a l s .  
f o r  t h e  case of a cons t an t  space-charge d e n s i t y  ac ross  t h e  d e p l e t i o n  region.  
I n  p r a c t i c e ,  dev ia t ions  from t h i s  "ideal" behavior  are o f t e n  found, i .e. ,  
-2 
p l o t s  of C vs V are curved. 
metrical (p+-n) he t e ro  junc t ions  , i f  t h e  r e l a t i o n s h i p  
i s  t h e  d i f f u s i o n  vo l t age  ( b a r r i e r  vo l tage)  and cl, c2 are  t h e  D 
The express ion  above holds  only  
Anderson(3) has shown t h a t  f o r  h ighly  asym- 
c = C,/(VD - v p  (5) 
holds  over a range of app l i ed  b i a s ,  then  t h e  n e t  donor d e n s i t y  ND - NA as 
a f u n c t i o n  of d i s t a n c e  from t h e  m e t a l l u r g i c a l  j unc t ion ,  x ,  i s  given by 
where x = x f o r  V - V = 1. E is  the  d i e l e c t r i c  cons t an t  f o r  t h e  more 
0 D 
l i g h t l y  doped material (Cas), 
s i o n  i s  t h a t  f o r  a > , t h e  n e t  donor concen t r a t ion  dec reases  wi th  i n c r e a s -  
i n g  x, i.e., a "retrograde" impurity d i s t r i b u t i o n .  
The obvious imp l i ca t ion  of t he  above expres-  
1 
Fig,, 4 presen t s  capacitance-volta.ge d a t a  f o r  d iode  3-95-A. The 
va lue  of t h e  b a r r i e r  vo l tage  V = 0.6 v o l t  was taken from t h e  measured I-V D 
c h a r a c t e r i s t i c .  
e f f e c t  of l a r g e  series r e s i s t a n c e  (750 ohms f o r  t h e  case shown). I f  C 
and R 
s i s t a n c e ,  and C 
s e n t a t i o n  of t h e  diode,  then  t h e  cor rec ted  capac i tance  C i s  given by 
It was necessary  t o  c o r r e c t  t h e  capac i tance  da t a  f o r  t h e  
eq 
are t h e  measured values of capac i t ance  and equ iva len t  p a r a l l e l  re- 
eq 
, and R a re  the parameters  of  t h e  s e r i e s - p a r a l l e l  r e p r e -  P '  RP s 
P 
n L c =  eq 
P 
1 - k] (1 - 6Rs) (7) 
where 
and 
The d i f f e r e n c e  between C and C i s  apprec i ab le  only f o r  l a r g e  R as i n  
t h e  case under cons ide ra t ion ,  The log C vs.  log  V p l o t  i n  Fig.  4 is  curved 
eq P S 
and should be analyzed i n  segments, each having i t s  own s lope .  However, a 
s l o p e  of -0.8 f i t s  t he  curve reasonably w e l l ,  as shown. Thus a p l o t  of  
C -''Om8 = c  vs  V should be roughly l i n e a r .  This  p l o t  i s  given i n  F ig .  5. 
It is  seen  t h a t  t h e  e x t r a p o l a t i o n  gives V M 0.6 v o l t ,  i n  agreement w i t h  t h e  D 
I -V m e  as u r  emen t 
The conclusion drawn from these capac i t ance  measurements i s  t h a t  a 
"retrograde" donor d e n s i t y  p r o f i l e  may be involved ,  which would imply a 
copper concen t r a t ion  i n  t h e  CdS dep le t ion  reg ion  which inc reases  wi th  d i s -  
t a n c e  i n t o  t h e  CdS be fo re  f i n a l l y  decreasing.  It i s  hoped t h a t  an  inde-  
pendent experiment w i l l  be  a b l e  t o  check t h i s  i n  the n e a r  f u t u r e .  It should 
b e  po in ted  o u t  t h a t  s imilar  capaci tance d a t a  have now been observed f o r  a 
number of  diodes.  One i n d i c a t i o n  t h a t  such an unusual  phenomenon may be 
occur r ing  i s  the  work by H i d 4 )  which shoxed t h a t  a "backward" j u n c t i o n  
may b e  produced by long-time, high temperature  h e a t  t r ea tmen t s  of Cu,S - 
CdS cells. 
4 .  EPITAXIAL GROWTH OF Cu,S ON CdS 
E p i t a x i a l  growth of C%S on s i n g l e  c r y s t a l  CdS s u b s t r a t e s  has re- 
c e n t l y  been repor ted  i n  t h e  l i t e r a t ~ r e ' ~ ) .  
ca t ed  i n  t h i s  labora tory .  A CdS c r y s t a l  whose Cd (0001) f ace  was exposed 
t o  a Cu 
This  experiment has been d u p l i -  
+ 
s o l u t i o n  a t  90°C f o r  2 4  hours shoved a r eac t ed  l a y e r  about  115 
7. 
microns tliick. X-ray back- re f l ec t ion  Laue photographs showed a p a t t e r n  
wi th  d i s t i n c t  6 - fo ld  symmetry, proof of an  e p i t a x i a l  r e l a t i o n s h i p  o f  t h e  
Cu,S w i t h  t h e  CdS s u b s t r a t e .  
X- rad ia t ion  p e n e t r a t e d  through t o  the CdS. 
The l a y e r  was s u f f i c i e n t l y  t h i c k  s o  t h a t  no 
F ig .  6 p r e s e n t s  t h e  backwall s p e c t r a l  response of s h o r t - c i r c u i t  
pho tocur ren t  f o r  t h i s  specimen (designated 24-C) .  No h e a t  t rea tment  was 
given t o  t h e  ce l l  p r i o r  t o  measurement. T h i s  curve is  comparable t o  those  
of t h e  b e s t  s i n g l e  c r y s t a l  c e l l s  made i n  t h i s  l abora to ry ,  even w i t h  h e a t  
t r ea tmen t .  The e p i t a x i a l  r e l a t i o n s h i p  i s  t h e r e f o r e  cons idered  t o  b e  an 
important f a c t o r  i n  promoting good s p e c t r a l  response c h a r a c t e r i s t i c s  i n  a 
s i n g l e  c r y s t a l  c e l l ,  
Four-point probe measurements on t h e  Cu,S l a y e r  i n d i c a t e d  a r e s i s -  
This  value is somewhat h ighe r  t h a n  those  gener- t i v i t y  of 0.0032 ohm-cm. 
a l l y  r epor t ed  f o r  degenera te  C y S .  T h i s  measurement t o g e t h e r  w i t h  the f a c t  
t h a t  i t  was q u i t e  d i f f i c u l t  t o  make good ohmic con tac t  t o  t h e  l a y e r  sug-  
g e s t e d  t h a t  t he  l a y e r  was indeed non-degenerate, p o s s i b l y  due t o  t h e  p r e s -  
ence  o f  compensating Cd ions  on  Cu l a t t i c e  s i t e s .  
+t + 
5 OPTICAL MICROPROBE EXPERIMENTS 
A.  I n t r o d u c t i o n  
Morton and Haynes f i r s t  proposed us ing  a t r a v e l l i n g  l i g h t  s p o t  a s  
a probe  t o  determine t h e  minor i ty  c a r r i e r  d i f f u s i o n  l e n g t h  and hence l i f e -  
t i m e .  The technique  has become a s tandard  one f o r  t h e  measurement of m i -  
n o r i t y  c a r r i e r  l i f e t i m e s  i n  germanium(6-8) where t h e  l i f e t i m e s  a r e  long. 
We g i v e  a b r i e f  ana1ysi.s of  t he  problem t o  show how l i g h t  probe d a t a  can 
g i v e  a d i r e c t  measure o f  t h e  d i f f u s i o n  l e n g t h  from which t h e  l i f e t i m e  can 
D 
be  c a l c u l a t e d .  
8 .  
We write t h e  c o n t i n u i t y  equation f o r  minor i ty  c a r r i e r s  (e.g., ho les  
i n  n-type m a t e r i a l )  
d t  
where 
J P = 4 P p P E + 4 D p v P .  
S u b s t i t u t i n g  equat ion  (11) i n t o  (10) and cons ider ing  s t e a d y  s t a t e  cond i t ions  
i n  one dimension l eads  t o  
- + D  dE - = 0  2 *+ P - Po 
+ 'p E d x  'p d x  P dx2 l- G -  
P 
where G i s  t h e  r a t e  of ho le  production by l i g h t .  For  a small l i g h t  s p o t  G 
i s  assumed t o  b e  zero  everywhere except a t  x = 0. Also s i n c e  we are d e a l -  
i n g  w i t h  minor i ty  carr iers ,  space  charge n e u t r a l i t y  can be  assumed and 
equa t ion  (12) reduces t o  
n 
where Ap = p - po Equation (13) has t h e  s o l u t i o n  
AP = (AP) e -"/Lp 
x=o 
where L =% i s  t h e  hole  d i f f u s i o n  l eng th .  
P 
A pn- junc t ion  is a convenient c o l l e c t o r  f o r  t h e  d i f f u s i n g  minor i ty  
c a r r i e r s .  I f  t h e  l i g h t  s p o t  is pos i t i oned  some d i s t a n c e  x from t h e  space 
charge reg ion  on the  n s i d e  of a p-n j u n c t i o n ,  t h e  pho tocur ren t  c o l l e c t e d  
by t h e  j u n c t i o n  w i l l  be  p ropor t iona l  t o  Ap. Thus a p l o t  of I n  I versus  x 
1 shou ld  y i e l d  a s t r a i g h t  lint? w i t h  s l o p e  - - 
L O  
P 
m o b i l i t y  ~1 
I f  t h e  minor i ty  c a r r i e r  
i s  known, then t h e  l i f e t i m e  can b e  c a l c u l a t e d  us ing  t h e  
P 
9. 
E i n s t e i n  r e l a t i o n .  
The t r a v e l l i n g  l i g h t  s p o t  technique becomes d i f f i c u l t  i n ' m s t e r i a l s  
However, by us-  
L2 
where t h e  d i f f u s i o n  lengths  a re  of the o r d e r  of microns. 
i n g  extremely small l i g h t  s p o t s ,  highly absorbed l i g h t ,  and ang le  lapped 
j u n c t i o n s ,  d i f f u s i o n  lengths  less than a micron may b e  measured . (9 -11) 
B. Appl i ca t ion  t o  CdS -Cu,S Hetero junc t ions  
I n  t h e  CdS-Cu,S he tero junc t ions  capac i tance  measurements i n d i c a t e  
b a r r i e r  widths  i n  t h e  range of  1 t o  3 microns. 
t i v i t y  of t h e  p type  Cu,S l a y e r  a l m o s t  t he  e n t i r e  b a r r i e r  wid th  occurs  on 
t h e  CdS s i d e  of t he  junc t ion .  The minori ty  c a r r i e r  l i f e t i m e  T i n  pure  
12 -7 CdS c r y s t a l s  has been measured and l ies  i n  the  range of  1-3x10 seconds. 
The room tenpe ra tu re  mobi l i ty  was a l so  determined by t h e s e  au tho r s  t o  be 
15 cin /V-sec. Thus one might expect a d i f f u s i q n  l eng th  of a few microns 
f o r  ho le s  d i f f u s i n g  t o  t h e  junc t ion  on t h e  CdS s i d e .  On t h i s  b a s i s  i t  was 
f e l t  t h a t  a p r e c i s e  microprobe technique would allow d i r e c t  de te rmina t ion  
of t h e  d i f f u s i o n  l eng th  on t h e  CdS s i d e  and a l s o  be a u s e f u l  probe of t h e  
space  charge region i n  the  junct ion.  
Because of t h e  h igh  conduc- 
P 
2 
In t h e  fo l lowing  s e c t i o n s  the microprobe which has  been cons t ruc t ed  
is desc r ibed ,  and some prel.iminary measurements and r e s u l t s  a r e  presented .  
C, Microprobe Desc r ip t ion  
A schematic  of  t h e  microprobe is shown i n  Fig.  7. The co l l imated  
beam of a 150-watt  xenon arc  i s  passed through a monochromator o r  s u i t a b l e  
f i l t e r s  and i l l umina te s  a s l i t  0.4 mm wide by 10 mm long. The l i g h t  pass -  
i n g  through t h e  s l i t  is chopped a t  114 cps ,  passes  through l e n s  I?. and 
i n t o  the  s i d e  p o r t  of a m e t a l l u r g i c a l  microscope. The l i g h t  i s  t o t a l l y  
r e f l e c t e d  by a 30 
0 
pr ism and imaged on t h e  sample by the  microscope objec-  
10. 
t i v e  l ens .  The s i z e  of t h e  image i s  determined by t h e  f o c a l  l eng th  of t h e  
microscope o b j e c t i v e  and f o r  a given l e n s  L, by t h e  d i s t a n c e  d from t h e  
s l i t  t o  L,: A s  t h e  prism only obscures h a l f  the  microscope f i e l d  t h e  
sample  can be viewed through t h e  microscope i n  t h e  u s u a l  way. To keep the  
beam divergence a n g l e  'p as s m a l l  as p o s s i b l e  a long f o c a l  l eng th  o b j e c t i v e  
(10.25 mm) i s  used. The s l i t  is reduced a f a c t o r  o f  50 by l ens  and 
ano the r  f a c t o r  of 10 by t h e  ob jec t ive  f o r  an o v e r a l l  demagni f ica t ion  of 
500X. Thus a l i n e  image is formed on t h e  sample 20 microns long by 0.8 
microns wide. The width of the image is  very near  t h e  t h e o r e t i c a l  r e s o l u -  
t i o n  l i m i t  which f o r  5000 A l i g h t  is 0,6 microns. To decrease  f u r t h e r  t h e  
l i g h t  s p o t  would r e q u i r e  a l a r g e r  a p e r t u r e  o b j e c t i v e  lens r e s u l t i n g  i n  a 
divergence angle  >90 making focusing extremely c r i t i c a l .  The sample i s  0 
h e l d  on a mount which can be ro ta ted  t o  make t h e  p r o j e c t i o n  o f  t he  junc-  
t i o n  p l ane  p a r a l l e l  t o  t h e  l i n e  image. The e n t i r e  sh i e lded  sample holder  
i s  mounted on a c a l i b r a t e d  p rec i s ion  motion which al lows accu ra t e  p o s i t i o n -  
i n g  perpendicular  t o  t h e  l i n e  image t o  b e t t e r  than  3. % micron. Motion i n  
t h e  two o t h e r  or thogonal  d i r e c t i o n s  i s  made w i t h  a s t anda rd  micromanipula- 
t o r .  
The photocurren t  generated i n  t h e  sample i s  de t ec t ed  by a PAR HR-8 
Lock-in Ampl i f ie r  u s ing  a low input impedance (1000) Type B p reampl i f i e r .  
A r e fe rence  s i g n a l  from the  l i g h t  chopper i s  a l s o  f ed  i n t o  t h e  lock- in  
a m p l i f i e r .  S i g n a l  cu r ren t s  as small as 10 amp can be measured wi th  
reasonable  s igna l - to -no i se  r a t i o s  which i s  found t o  be adequate  s e n s i t i v i t y  
-11 
0 
f o r  t h e  pho toce l l s  being measured. 
E x t e r n a l  b i a s  vo l t age  can be app l i ed  t o  the  sample from a b a t t e r y  
power supply.  A l a r g e  capac i to r  (200 pf)  i n  t h e  c i r c u i t  is used t o  b lock  
11. 
dc  c u r r e n t s  from pass ing  through the lock - in  ampl i f i e r .  
D. P re l iminary  Measurements and Resu l t s  
Because t h e  d i f f u s i o n  lengths i n  t h e  system CdS-Cu,S are expected 
t o  be  s m a l l  t h e  angle-lapped junct ion method f o r  measuring d i f f u s i o n  lengths  
is used. Fig.  8 shows t h e  geometry of t he  samples i n  t h i s  experiment .  The 
b e v e l  ang le  9 was chosen t o  give maximum s p a t i a l  r e s o l u t i o n  t o  the  e x p e r i -  
ment keeping i n  mind t h a t  a t  very  small  angles  i n t e r f a c e  roughness becomes 
a s e r i o u s  problem. I n  t h e  angle-lapped method h igh ly  absorbed l i g h t  must 
be used. Minori ty  c a r r i e r s  created very  n e a r  t h e  s u r f a c e  d i f f u s e  i n  t h e  
y - d i r e c t i o n  t o  the  edge of t h e  space-charge reg ion  where they  are c o l l e c t e d  
by t h e  f i e l d  ac ross  the  junc t ion .  Moving t h e  l i g h t  s p o t  i n  the  x - d i r e c t i o n  
r e s u l t s  i n  a corresponding inc rease  i n  t h e  d i s t a n c e  y measured normal t o  
t h e  j u n c t i o n  by t h e  amount 
( 15) y = x s i n  9 . 
0 
Since  t h e  number of c a r r i e r s  reaching t h e  space-charge reg ion  is  given by 
and t h e  decrease  i n  l i g h t  i n t e n s i t y  i s  approximately given by 
t h e  u l t i m a t e  l i m i t  on d i f f u s i o n  lengths which are measurable depends on 
t h e  abso rp t ion  c o e f f i c i e n t .  For  CdS t he  maximum abso rp t ion  c o e f f i c i e n t  i s  
( A  < 4800 A) 8.5 x 10 c m  (I3) Since  t o  measure t h e  d i f f u s i o n  length  by 
t h i s  method r e q u i r e s  a > 1 we see  t h a t  t h e  minimum measurable d i f f u s i o n  
-5 0 
M 3(&! = 3.6 x 10 cm. For a 5 b e v e l  ang le ,  a motion 
(Lp) min @ma 
l e n g t h 4  is 
I 
12. 
of  4 microns i n  t h e  x - d i r e c t i o n  would correspond t o  (L ) i n  the  y-  
d i r e c t i o n .  
5 
ing  t h e  Cu2S s i d e  of t h e  junc t ion .  
p min 
A s  t h e  sample can be e a s i l y  p o s i t i o n e d  t o  w i t h i n  .?i micron a 
0 a n g l e  i s  used. A few samples have a l s o  been bevel led  a t  2' when examin- 
Fig.  9 i s  a p l o t  of  t h e  shor t  c i r c u i t  photocurren t  as a func t ion  of 
l i g h t  s p o t  p o s i t i o n .  
f a c e  between t h e  CdS and t h e  Cu,S observed through t h e  microscope a t  X200 
The x = 0 pos i t i on  was t aken  t o  be t h e  v i s i b l e  i n t e r -  
I 
magnif ica t ion .  The photocurren t  i s  seen  t o  inc rease  sha rp ly  a t  the  i n t e r -  
f ace ,  remain nea r ly  cons tan t  over  a 40-micron d i s t a n c e  and then  t o  decrease  
exponen t i a l ly  f a l l i n g  a t  the  r a t e  of l / e  p e r  twelve microns. S i m i l a r  re- 
s u l t s  were obta ined  i n  two o t h e r  samples. 
The i n t e r p r e t a t i o n  of t h e  da ta  is t h a t  a s  t h e  l i g h t  beam c rosses  
x = 0 p a i r  gene ra t ion  takes p l a c e  i n  t h e  space-charge region. The i n t e r n a l  
f i e l d  s e p a r a t e s  e l e c t r o n s  and holes which flow t o  t h e  n and p s i d e s  res-. 
p e c t i v e l y .  
space-charge reg ion  i n  the  CdS and t h e  d e p l e t i o n  l a y e r  width W = 40 s i n  5' = 
A t  x = 40 microns the  l i g h t  s p o t  i s  a t  t h e  edge of t h e  
3 .3  microns, 
A s  the l i g h t  s p o t  i s  moved f u r t h e r  from t h e  junc t ion  t h e  only c u r r e n t  i s  
due t o  ho le  d i f f u s i o n  through a d i s t ance  y t o  t h e  edge of  t h e  space-charge 
reg ion ,  The d i f f u s i o n  l eng th  L 
versus  x curve i s  12 s i n  5 = 1.0 micron. 
A t  th ' is  p o i n t  t h e  e n t i r e  c u r r e n t  c o n t r i b u t i o n  is  due t o  holes .  
determined from t h e  s l o p e  of the  an Isc 
P 
0 
S i m i l a r  measurements were made on t h e  Cu2S s i d e  of a junc t ion  by 
b e v e l l i n g  t h e  oppos i t e  s i d e  of a c r y s t a l  t o  o b t a i n  a wedge shaped r eg ion  
o f  C%S. The r e s u l t s  are shown i n  Fig.  10 f o r  a bevel  angle of 2 . The 
c u r r e n t  f a l l s  o f f  on t h e  C%S s i d e  extremely r a p i d l y ,  decreas ing  by l / e  i n  
abou t  3 microns corresponding t o  y = 0.1 microns. 
0 
For  4800 A l i g h t  a = 
13. 
105cm-l i n  Cu2S which means t h a t  the l i g h t  p e n e t r a t i o n  f a l l s  o f f  by l /e  irl:*. 
0.1 microns. We conclude t h a t  t h e  e l e c t r o n  d i f f u s i o n  l e n g t h  i n  t h e  Cu2S 
is less than  0 .1  microns and i s  not  measurable by t h i s  technique.  It may 
b e  noted t h a t  t he  dep le t ion  wid th  i s  a l s o  very  narrow on the  Cu,S, s i d e  as 
expected from i t s  h igh  conduct iv i ty ,  
From t h e  da t a  on t h e  d i f f u s i o n  l eng th  i n  CdS, t h e  ho le  l i f e t i m e  can 
= g 5  and t h e  E i n s t e i n  r e l a t i o n  D = kT . us- 
P pP e be ob ta ined  us ing  L P 
2 -8 i n g  Spea r ' s  va lue  of p = 15 cm /v-sec r e s u l t s  i n  T = 2.7 x 10 seconds.  
P P 
E .  Voltape Bias Experiments and Minor i ty  Carrier Ampl i f ica t ion  
While i n v e s t i g a t i n g  t h e  e f f e c t  o f  vo l t age  b i a s  on t h e  dep le t ion  
wid th  W i n t e r e s t i n g  minor i ty  c a r r i e r  c u r r e n t  a m p l i f i c a t i o n  has been observed 
under small  r eve r se  b i a s .  The e f f e c t  is s h o m  i n  F ig .  11 where i n  photo- 
c u r r e n t  i s  p l o t t e d  as a func t ion  of r e v e r s e  b i a s  f o r  sample CdS(C2). A 
number of curves  are p l o t t e d  corresponding t o  d i f f e r e n t  p o s i t i o n s  of t h e  
l i g h t  s p o t  r e l a t i v e .  t o  the  CdS-Cu,S i n t e r f a c e .  A t  t h e  40 micron p o s i t i o n  
a n  i n c r e a s e  i n  t h e  measured photocurrent  by a f a c t o r  o f  2000 was observed. 
The magnitude of  t he  e f f e c t  i s  seen t o  inc rease  w i t h  d i s t a n c e  from t h e  i n t e r -  
f ace  wh i l e  t h e  l i g h t  s p o t  i s  i n  the space-charge reg ion  and then  decreases  
as t h e  l i g h t  i s  moved i n t o  t h e  d i f f u s i o n  reg ion  a t  t h e  50 and 60-micron 
p o s i t i o n s .  This  sugges ts  t h a t  the e f f e c t  i s  due t o  t h e  ho le  c u r r e n t  and 
depends on t h e  f r a c t i o n  of t h e  deple t ion  l a y e r  t r a v e r s e d  by t h e  photo- 
i n j e c t e d  holes .  F ig .  12 is  a l i n e a r  p l o t  of t h e  same e f f e c t  over  a wider  
b i a s  range f o r  whi te  l i g h t  i nc iden t  a t  40 microns from t h e  i n t e r f a c e .  The 
da rk  c u r r e n t  i s  a l s o  p l o t t e d  f o r  t h i s  ce l l .  
To determine whether t h e  la rge  increase .  i n  photocurren t  under re- 
v e r s e  b i a s  was s o l e l y  due t o  increased c o l l e c t i o n  e f f i c i e n c y  of  t h e  junc-  
t i o n  due t o  t h e  appl ied  f i e l d  s e p a r a t i n g  t h e  photo-exci ted charge p a i r s ,  
14. 
t h e  t o t a l  photon f l u x  i n c i d e n t  on the s a m p l e  was measured. For t h e  wave- 
l eng ths  used t h e  photon f l u x  was found t o  b e  1.3 x 10 photons/second. 
A s  t h e  maximum ga in  expected i n  a photodiode is  u n i t y ,  t h i s  photon f l u x  
12 
-7 would a t  most g ive  r ise  t o  a photocurrent  of  2 .1  x 10 
l i g h t  s p o t  a t  t h e  40-micron pos i t i on  and a r eve r se  b i a s  of  3 v o l t s  t h e  
-6 measured photocurren t  was 7.2 x 10 amp o r  34 t i m e s  t he  u n i t  gain c u r r e n t  
n e g l e c t i n g  r e f l e c t i o n  and recomb ina t ion  l o s s e s  e n t i r e l y .  It is apparent  
t h a t  a very s u b s t a n t i a l  amount of  minority c a r r i e r  cu r ren t  a m p l i f i c a t i o n  
is  occur r ing  . 
amperes. With t h e  
Avalanche m u l t i p l i c a t i o n  is  ru l ed  o u t  as a p o s s i b l e  mechanism be-  
cause  of t h e  low app l i ed  vo l t ages  a t  which the  phenomenon i s  observed. 
Impact i o n i z a t i o n  of  impur i t i e s  and modulation of r eve r se  leakage c u r r e n t  
are considered t h e  most l i k e l y  mechanisms. Measurement of t h e  ampl i f ica-  
t i o n  e f f e c t  and dark  c u r r e n t  as funct ions of r e v e r s e  b i a s  on s e v e r a l  samples 
l eads  us t o  f avor  t h e  modulation of leakage c u r r e n t  as t h e  mechanism re- 
s p o n s i b l e  f o r  t h e  e f f e c t .  This  conclusion is  due t o  t h e  c o r r e l a t i o n  ob- 
se rved  between t h e  a m p l i f i c a t i o n  e f f e c t  and t h e  dark  c u r r e n t  f o r  s e v e r a l  
samples. This  c o r r e l a t i o n  i s  shown f o r  two samples i n  Fig.  13. Minority 
c u r r e n t  a m p l i f i c a t i o n  i n  non-ideal p-n junc t ions  i s  t r e a t e d  i n  a paper  by 
S tafeev(15) .  
which may be i n j e c t e d  from the  p-side of t h e  j u n c t i o n  t o  compensate t h e  
B a s i c a l l y  t h e  leakage c u r r e n t  s e r v e s  as a source  of  e l e c t r o n s  
space  charge of  t h e  l i g h t - i n j e c t e d  ho le s .  I f  no ho le  t r app ing  occurs  i n  
t h e  dep le t ion  r eg ion ,  c u r r e n t  gain o f  1 +I?) o r  about  14 is  p o s s i b l e  f o r  
CdS. I f  hole  t r app ing  does occur even l a r g e r  gains  are p o s s i b l e  analogous 
t o  t h e  photoconductive ga in  i n  s e n s i t i z e d  c r y s t a l s .  The s a t u r a t i o n  behavior  
d 
is n o t  understood a t  p r e s e n t ,  b u t  a t  t he  high dark  cu r ren t  d e n s i t i e s  a t  
15. 
which s a t u r a t i o n  occurs  inc reased  recombination and h ighe r  j u n c t i o n  temp- 
e r a t u r e  may be r e spons ib l e  f o r  t h e  decreased a m p l i f i c a t i o n  a t  l a r g e r  r e v e r s e  
b ias .  
I f  ho le  t r app ing  is  respons ib le  f o r  t h e  l a r g e  observed c u r r e n t  ga ins ,  
o p t i c a l  quenching of the ga in  might be  expected. 
experiments w i th  0.9 micron l i g h t  show no quenching, bu t  more thorough i n -  
v e s t i g a t i o n  of t h i s  p o s s i b i l i t y  i s  be ing  undertaken. The response time of 
Pre l iminary  quenching 
the  ampl i f ied  photos igna l  has been measured by measuring r ise  and decay 
times f o r  pulsed l i g h t .  The response time is found t o  b e  about  2 x 10 
seconds.  
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W O K  PLANNED FOR hTX1 FXPORT PERIOD 
During the  next  r e p o r t  per iod,  e f f o r t s  w i l l  be  d i r e c t e d  toward t h e  
f o l  lowing : 
(1) Improvement of t h e  chemical d ipping  technique. 
(2) Improvement of  methods f o r  f a b r i c a t i n g  mesa diodes.  
( 3 )  More p r e c i s e  measurements of  C-V and I - V  curves .  
( 4 )  A s e a r c h  f o r  a d d i t i o n a l  evidence f o r  a r e t rog rade  copper p ro -  
f i l e  i n  CdS, a c l a r i f i c a t i o n  of i t s  o r i g i n ,  and de termina t ion  
~ of i t s  r e l a t i o n  t o  t h e  p h o t o v o l t a i c  e f f e c t .  
(5) Measurements of  capac i tance  and I - V  curves a t  va r ious  tempera- 
t u r e s  down t o  7'K. 
( 6 )  C l a r i f i c a t i o n  of t h e  band diagram of t h e  CdS-CyS he te ro junc t ion .  
(7) Study e f f e c t  of post-dipping h e a t  t rea tment  qn t h e  dep le t ion  
wid th  W and t h e  ho le  d i f f u s i o n  length  L 
P. 
(8) Fur ther  s tudy  of minori ty  carr ier  a m p l i f i c a t i o n  e f f e c t .  It 
may be p o s s i b l e  t o  use t h i s  e f f e c t  t o  s tudy ho le  t r app ing  i n  
t h e  d e p l e t i o n  reg ion .  
Use an i n t e n s e  a u x i l i a r y  l i g h t  source i n  conjunct ion  w i t h  t h e  micro- 
probe t o  s tudy  poss ib l e  b i a s  l i g h t  e f f e c t s  on a microscopic  s c a l e .  
( 9 )  
(10) Extend t h e  microprobe measurements t o  CdSe and ZnS ce l l s .  
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